INTRODUCTION
============

Growth and maturation of an embryo requires synchronized communication of biochemical signals, which are mediated by protein-protein interactions between ligands and cell-surface receptors in early development. The EphB receptors and ephrinB ligands are cell surface proteins that influence cell behavior during embryogenesis and development ([@b4-molcell-38-1-14]; [@b51-molcell-38-1-14]; [@b61-molcell-38-1-14]). Eph receptors are expressed in all embryonic germ layers and mediate various functions, which include directing cell positioning and migration, axon guidance, patterning, and tissue morphogenesis during development. In addition, they also have diverse functions in tissue boundary formation, segmentation, and the development of the vascular system ([@b37-molcell-38-1-14]; [@b50-molcell-38-1-14]; [@b54-molcell-38-1-14]).

There is significant and compelling evidence that Ephs and ephrins are mainly distributed into two groups, A and B, according to their binding specificities and sequence similarity with each other ([@b14-molcell-38-1-14]; [@b51-molcell-38-1-14]). Furthermore, upon Eph receptor and ephrin ligand binding, bidirectional signaling occurs, in which the Eph receptor is activated and transduces signaling within its own cell while signaling through ephrinB, which is known as reverse signaling, also takes place ([@b40-molcell-38-1-14]). In line with this concept, Eph forward and ephrin reverse signaling induces cell repulsion, and controls cellular shape changes that mediate both repulsive and migratory responses ([@b11-molcell-38-1-14]; [@b48-molcell-38-1-14]; [@b71-molcell-38-1-14]). The ephrinB class is best known for reverse signaling, as members of this class have highly conserved intracellular tyrosine residues within the cytoplasmic domain that become phosphorylated upon contact with Eph receptors. These ligands also possess a carboxyl-terminal PDZ-binding motif that is important for ephrinB reverse signaling ([@b38-molcell-38-1-14]; [@b51-molcell-38-1-14]). This review describes EphB/ephrinB signaling and interactions with a number of other molecules during morphogenesis and development.

STRUCTURE OF EPH/EPHRIN COMPLEX
===============================

The Eph receptor family belongs to the largest class of RTKs, and their extracellular domain consists of a highly conserved N-terminal ligand-binding domain, a cysteine-rich region, which is composed of an epidermal growth factor (EGF)-like motif, and two fibronectin type III repeats ([@b25-molcell-38-1-14]; [@b50-molcell-38-1-14]). Studies have shown that the cytoplasmic portion of Eph receptors contains a tyrosine kinase domain and protein-protein interacting modules, including a sterile-α-motif (SAM) as well as PDZ-binding motif ([@b51-molcell-38-1-14]). The SAM domain is a protein-interacting domain that promotes homodimerization and oligomerization of the receptors. The PDZ-binding motif mediates organization of protein complexes at the plasma membrane ([@b74-molcell-38-1-14]). The ephrin-binding domain of EphBs has a high-affinity binding site that mediates biochemical communication between Ephs and ephrins in adjacent cells ([@b26-molcell-38-1-14]; [@b70-molcell-38-1-14]). Alternatively, two low-affinity ephrin-binding sites mediate the clustering of multiple Eph-ephrin complexes ([@b27-molcell-38-1-14]).

EphrinBs also contain an extracellular receptor-binding domain followed by a cytoplasmic portion that is phosphorylated upon receptor binding ([@b25-molcell-38-1-14]). The interaction domains of EphB receptors and ligands join, forming heterodimers that subsequently form heterotetramers ([@b27-molcell-38-1-14]). The heterodimer and heterotetramer interfaces center around the G-H loop of the ephrinBs, which is inserted deep within a channel on the surface of the EphBs ([@b25-molcell-38-1-14]; [@b51-molcell-38-1-14]). To evaluate the exact structural complex, further studies are needed to determine the number of possible EphB-ephrinB binding states, which will elucidate the molecular details of the binding interactions.

MECHANISM OF EPH/EPHRIN SIGNALING
=================================

Eph/ephrin signaling begins with physical contact and sequential clustering of receptor-ligand complex to form high-affinity heterotetramer complex ([@b27-molcell-38-1-14]; [@b59-molcell-38-1-14]). Eph forward signaling activates intrinsic tyrosine kinase through tyrosine phosphorylation, which recruits Rho family guanine nucleotide exchange factors that regulate Rho-family GTPases, thus modulating cellular shape and adhesive properties. The SH2-adaptor proteins Nck1 and Vav-RhoGEFs have been implicated in this signaling process, since they bind with EphBs and induce EphB2-dependent endocytosis (Cowan et al., 2005; [@b28-molcell-38-1-14]) ([Fig. 1](#f1-molcell-38-1-14){ref-type="fig"}). In addition, binding of EphBs with ephrinBs stimulates attachment through the recruitment of low-molecular-weight phosphotyrosine phosphatase (LMW-PTP) and dorsolateral migration of neural crest cells (melanoblasts) in chicken embryos ([@b58-molcell-38-1-14]; [@b62-molcell-38-1-14]) ([Fig. 1](#f1-molcell-38-1-14){ref-type="fig"}). It is believed that Eph/ephrin signaling initially blocks and then enhances the migration of neural crest cells in a dorsolateral direction through activation of the Cdc42/Rac family of GTPases ([@b58-molcell-38-1-14]).

Activation of EphA4 receptors due to ligand binding augments the ability of ephexin to activate RhoA and inhibits the ability of ephexin to activate Rac1 and Cdc42, leading to a shift in the balance between Rho GTPase activities. This activity ultimately results in growth cone collapse during axon extension ([@b56-molcell-38-1-14]). It also has been reported that a negative regulator of RhoA, RasGAP, interacts with EphBs ([@b19-molcell-38-1-14]) ([Fig. 1](#f1-molcell-38-1-14){ref-type="fig"}). EphrinB binding to the EphB receptor tyrosine kinase triggers phosphorylation of ephexin5, which negatively regulates excitatory synapse development, resulting in ephexin ubiquitination and degradation ([@b43-molcell-38-1-14]). EphrinB ligands can recruit PDZ domain proteins through their carboxy-terminal (YYKV) target sites ([@b9-molcell-38-1-14]) ([Fig. 1](#f1-molcell-38-1-14){ref-type="fig"}).

EphrinB transmembrane ligands lack intrinsic catalytic activity and utilize scaffolding activity for signaling and cell function. EphrinB reverse signaling involves both phosphorylation-dependent and -independent signal transduction. Phosphorylation-dependent signaling involves tyrosine phosphorylation of ephrinB on one or more of the five to six conserved tyrosines in the short cytoplasmic domain ([@b8-molcell-38-1-14]; [@b28-molcell-38-1-14]). This phosphorylation event occurs upon binding to the cognate Eph receptor, which resides on another cell, and results from the recruitment and activation of a Src family member and a regulatory phosphotyrosine phosphatase (PTP-BL) ([@b47-molcell-38-1-14]) ([Fig. 1](#f1-molcell-38-1-14){ref-type="fig"}). Once tyrosine residues on cytoplasmic domain of ephrinB are phosphorylated, SH2/SH3 domain-containing proteins, such as the adaptor protein growth-factor-receptor-bound protein 4 (Grb4) is recruited and binds to ephrinB, which facilitates cytoskeletal remodeling ([@b8-molcell-38-1-14]; [@b13-molcell-38-1-14]; [@b28-molcell-38-1-14]) ([Fig. 1](#f1-molcell-38-1-14){ref-type="fig"}). Another such protein is the Signal Transducer and Activator of Transcription 3 (STAT3) protein, and interaction between ephrinB and STAT3 reveals that ephrinB transduces its own signaling activity from the cell surface to the nucleus ([@b7-molcell-38-1-14]; [@b34-molcell-38-1-14]). In the case of ephrinB2, the interaction with STAT3 has been suggested to be important for orchestrating pericyte/endothelial cell assembly ([@b57-molcell-38-1-14]). In addition to phosphorylation of ephrinBs in response to binding to their cognate receptors, alternative growth factor receptors, such as the fibroblast growth factor receptor (FGFR), platelet-derived growth factor receptor (PDFGR), epidermal growth factor receptor (EGFR), and the TIE2 receptor, can interact with ephrinBs, induce the phosphorylation of ephrinBs ([@b1-molcell-38-1-14]; [@b8-molcell-38-1-14]; [@b11-molcell-38-1-14]; [@b47-molcell-38-1-14]; [@b65-molcell-38-1-14]) and regulate ephrinBs signaling during embryogenesis ([@b40-molcell-38-1-14]; [@b44-molcell-38-1-14]). Additionally, FGFR-mediated phosphorylation of ephrinB1 has been shown to recruit Grb4 in Xenopus cell signaling ([@b6-molcell-38-1-14]) ([Fig. 1](#f1-molcell-38-1-14){ref-type="fig"}).

Phosphorylation-independent signaling begins with unphosphorylated ephrinB, which interacts with protein complexes; this protein complex produces a signal affecting cell-cell interactions, and the signal is maintained until tyrosine phosphorylation of ephrinB occurs. Upon tyrosine phosphorylation, the interaction between ephrinB and the other protein is disrupted ([@b14-molcell-38-1-14]; [@b39-molcell-38-1-14]; [@b40-molcell-38-1-14]; [@b72-molcell-38-1-14]). A significant portion of phosphorylation-independent reverse signaling is transduced by an interaction with PDZ domain proteins that associate with the C-terminal PDZ-binding motifs of ephrinBs ([@b36-molcell-38-1-14]). Mutation of the ephrinB1 PDZ binding motif causes abnormalities of the fore-brain axon tract in the corpus callosum ([@b9-molcell-38-1-14]). In endothelial cells, the PDZ-binding motif of ephrinB2 is essential for organization and activation of vascular endothelial growth factor receptors (VEGFR)-2 and VEGFR-3 ([@b69-molcell-38-1-14]). VEGF and Notch signaling also regulate ephrinB2 expression during blood vessel morphogenesis, and both have potential roles in vessel growth and arterial differentiation ([@b66-molcell-38-1-14]). For example, mice that lack ephrinB2 have reduced angiogenesis and developed abnormal yolk sac vasculature ([@b1-molcell-38-1-14]; [@b68-molcell-38-1-14]). Moreover, ephrinB2 expression mediates dorsal aorta formation and prevents unnecessary ventral sprouting ([@b21-molcell-38-1-14]).

To disengage Eph/ephrin signaling, the interaction between Eph and ephrin must be disrupted. Two mechanisms are known to disrupt this interaction: endocytosis and proteolytic cleavage. Once ephrinBs bind to their cognate receptors, the internalization of the receptor-ligand complexes immediately occurred during cell retraction ([@b42-molcell-38-1-14]; [@b73-molcell-38-1-14]). Interactions between EphB- and ephrinB-positive cells induce formation of intracellular vesicles that contain the full-length proteins in a complex; therefore, the process is dependent on intracellular signaling pathways ([@b42-molcell-38-1-14]; [@b53-molcell-38-1-14]; [@b73-molcell-38-1-14]). Previous studies have shown that EphB1 induces clustering and subsequent endocytosis of ephrinB1, which is mediated by a clathrin-dependent pathway ([@b49-molcell-38-1-14]).

In the case of proteolytic cleavage, there are membrane-associated metalloproteases (e.g., presenilin, MMPs, ADAMs) that can cleave both ephrins and Eph receptors ([@b20-molcell-38-1-14]; [@b23-molcell-38-1-14]; [@b31-molcell-38-1-14]; [@b32-molcell-38-1-14]; [@b33-molcell-38-1-14]; [@b64-molcell-38-1-14]). The cleavage by these metalloproteases of both ephrinA and ephrinB proteins leads to internalization and degradation of ephrins, clearing them from the cell surface and consequently breaking the adhesion between cells. The balance between forward and reverse endocytosis (either being endocytosed into the contacting cell or into the cell of residence for the ephrin ligand) depends on many cell types, receptor/ligand type, surface densities, oligomerization states, and activation of downstream signaling pathways ([@b42-molcell-38-1-14]; [@b53-molcell-38-1-14]; [@b73-molcell-38-1-14]).

EPHRINB1 IN CELL-CELL ADHESION
==============================

Eph/ephrin signaling controls several aspects of cell-cell adhesion, which is required for the maintenance of intercellular communication and the connection between epithelial cells. This process is very important for initiating normal morphogenetic movements during development and organogenesis. Cell-cell adhesion is necessary for maintenance of complex cellular structures that are primarily mediated through tight junctions (TJs), adherens junctions (AJs), desmosomes, and gap junctions ([@b52-molcell-38-1-14]). EphB signaling supports the formation of epithelial cell junctions through an interaction with E-cadherin, and when this association is inhibited, AJs form abnormally. E-cadherin-dependent intercellular adhesion can regulate Eph receptor expression and activation ([@b12-molcell-38-1-14]; [@b46-molcell-38-1-14]). Thus, differential adhesion can occur when ephrinB1 is mutated, particularly in the PDZ-binding motif ([@b61-molcell-38-1-14]).

Several years ago, evidence revealed that over-expression of ephrinB1 in *Xenopus* embryos causes the blastomeres of ectodermal tissue to dissociate ([@b11-molcell-38-1-14]; [@b35-molcell-38-1-14]). Genetic evidence clearly shows that the intracellular domain of ephrinBs is critical for neural crest movement, tissue border formation, and vascular morphogenesis; these roles demonstrate that this domain has signaling functions ([@b2-molcell-38-1-14]; [@b15-molcell-38-1-14]; [@b18-molcell-38-1-14]; [@b24-molcell-38-1-14]; [@b41-molcell-38-1-14]). Recently, interaction of ephrinB1 and Smad ubiquitin regulatory factors (Smurfs) has been shown to be important for tissue separation at mesoderm/ectoderm boundaries. EphrinB1 is degraded by Smurf2, whereas Smurf1 prevents this degradation. During embryonic mesoderm development, inhibition of Smurf1 results in loss of ephrinB1-mediated separation of tissue from the ectoderm, thus affecting the formation of tissue boundaries ([@b29-molcell-38-1-14]). The Smurf ubiquitin ligases regulate tissue separation via antagonistic interactions with ephrinB1 ([@b29-molcell-38-1-14]). An important aspect of ephrinB reverse signaling in particular, that is starting to be recognized is the role of ephrinBs in affecting cell-cell junctions. For example, it has been reported that, in embryonic ectoderm, unphosphorylated ephrinB1 binds Par-6, which is a member of the Par polarity complex, to keep Par-6 from interacting with activated small G protein Cdc42-GTP ([@b39-molcell-38-1-14]). Reduction in the Par-6/Cdc42-GTP interaction inhibits aPKC activation, leading to TJ dissolution. Tyrosine phosphorylation of ephrinB1 prevents an interaction with Par-6, leaving it available to interact with Cdc42-GTP and establish TJs ([@b39-molcell-38-1-14]). In the absence of ephrinB1, Par-6, which is usually localized to AJs and lateral cell borders, may compete with apically localized Par-6 to active Cdc42. This may effectively reduce available active Cdc42 at the apical border, resulting in a reduction of aPKC activity and disruption of TJs. An alternative explanation is that an unspecified cell adhesion protein that normally interacts with ephrinB1 at the lateral border loses its functionality in the absence of ephrinB1, resulting in dissolution of TJs and AJs ([Fig. 2](#f2-molcell-38-1-14){ref-type="fig"}). Another recent study showed that ephrinB2 reverse signals may be phosphorylation-independent and involve interactions with either the PDZ-binding domain or claudin molecules, which are a major component of TJs ([@b18-molcell-38-1-14]).

Interaction between EphrinB1 and claudin has been shown to regulate cell-cell adhesions. Claudin, located in the subapical region of the lateral membrane, can directly interact with Eph/ephrin proteins in epithelial cells. Interaction between claudin and ephrinB1 induces tyrosine phosphorylation of ephrinB1, and this influences intracellular-substrate adhesion ([@b63-molcell-38-1-14]). Moreover, compelling evidence has shown that ephrinB1 regulates gap junction communication by forming a complex with Connexin 43, which participates in morphogenetic processes during development ([@b16-molcell-38-1-14]). Additionally, functional deletion of ephrinB signaling restricts cell integration and blocks gap junction communication, which leads to calvarial bone defects ([@b16-molcell-38-1-14]). Further research is needed to explore the precise mechanism of how ephrinB1 regulates gap junction-dependent cell adhesion.

*EphrinB1*-null mutant mice exhibit neuroepithelial morphological defects and demonstrate that ephrinB1 plays a significant role in neural tube closure ([@b3-molcell-38-1-14]). Using electroporation *ex vivo*, it was found that ephrinB1 is required to maintain apical adhesion of apical progenitors. This cell-cell adhesion is accomplished through SH2- and PDZ-dependent ephrinB1 reverse signaling, which inhibits ADP-ribosylation factor 6 in the progenitors and controls integrin-based adhesion ([@b3-molcell-38-1-14]). Eph/ephrin interactions also control the cell positioning, which is negatively regulated by Wnt signaling compared with other ephrinBs ([@b4-molcell-38-1-14]; [@b67-molcell-38-1-14]). EphrinB1 expression has been reported to involve in cell positioning in the small intestine, and this expression is much higher at the villus-crypt boundary in adult mice compared with newborns ([@b4-molcell-38-1-14]). In transgenic mice with a negative receptor in the intestinal epithelium, ephrinB1-associated cells are distributed along the crypt-villus axis ([@b4-molcell-38-1-14]).

EPHRINB1 IN CELL MIGRATION
==========================

Cell migration is dependent on cell-cell adhesion, which is required for formation, stabilization, and positioning of morphogenetic processes during development. Cell migration consists of multiple processes such as lamellipodium extension, nascent adhesion formation, cell body retraction, and tail detachment. In particular, Eph/ephrin signaling promotes integrin-mediated cell adhesion, and integrins are transmembrane receptors that activate signal transduction and cause cell migration ([@b30-molcell-38-1-14]). The EphB1 receptor and ephrinB1 activate the Nck/NIK (Nck-interacting Ste20 kinase) pathway via interaction with the adaptor protein Nck to up-regulate c-Jun N-terminal kinase (JNK) and mediate attachment and cell migration ([@b5-molcell-38-1-14]). EphrinB1 also increases focal adhesion kinase (FAK) activation, which plays a crucial role in integrin signaling ([@b5-molcell-38-1-14]).

Recently, a phosphorylation-independent ephrinB1 interaction with the connector and enhancer of KSR1 (CNK1), which increases cell motility, has been reported. This interaction increases RhoA-dependent activation of JNK. This study also revealed that the ephrinB1 interaction with CNK1 and the resultant activation of JNK is dependent on Src activation through integrins and not through an interaction with the cognate Eph receptor. In addition, silencing of CNK1 or inhibition of Rho blocks ephrinB1-induced cell migration as well as JNK activation ([@b10-molcell-38-1-14]). In line with this, we have shown that ephrinB1 regulates eye development by modulating the Wnt/planar cell polarity (PCP) pathway through interactions with *Xenopus* Dishevelled (Dsh), which affects RhoA activity ([@b38-molcell-38-1-14]) ([Fig. 2](#f2-molcell-38-1-14){ref-type="fig"}). Interestingly, phosphorylation of ephrinB1 via the FGFR perturbs its interaction with Dsh, thus disengaging the PCP pathway from ephrinB1 and inhibiting retinal progenitor movement ([@b40-molcell-38-1-14]; [@b44-molcell-38-1-14]). EphrinB activation causes phosphorylation of Dab1 (a key regulator of Reelin signaling) through Src family kinases in neurons, and functional loss of ephrinBs induces aberrant neuronal migration ([@b60-molcell-38-1-14]; [@b72-molcell-38-1-14]). Moreover, the protein-tyrosine phosphatase, PTB-BL, functions as a negative regulator of ephrinB phosphorylation as well as inactivation of Src family kinases ([@b47-molcell-38-1-14]).

During *Xenopus* development, various ephrinBs and Eph receptors are required for repositioning of germ layers on both sides of the cell borders, and tissue separation between ectoderm and mesoderm depends on Eph forward signaling across the boundary in both directions. This signaling involves some degree of redundancy among ligands and receptors as well as activation of Rac and RhoA ([@b55-molcell-38-1-14]). Additionally, activation of ephrinB1 increases tyrosine phosphorylation of Cas and the Crk adaptor protein ([@b45-molcell-38-1-14]). This Cas/Crk signaling activates Rap1 and SHEP1, both of which mediate cell migration ([@b17-molcell-38-1-14]). The EphB1 receptor can regulate cell migration via interactions with an SH2 adapter protein, Grb7, and phosphorylation of the SAM domain of EphB1 ([@b22-molcell-38-1-14]).

CONCLUSION
==========

In the last decade, a great deal of research has clarified that Eph and ephrin proteins use bidirectional signaling to control developmental processes. Because of the complexity of Eph/ephrin signaling and the distinct effect on cell behavior, the underlying molecular mechanisms regarding developmental functions are still being revealed. Other intriguing issues are the divergence of Eph/ephrin clustering and endocytosis as well as whether EphB1 and ephrinB1 can interact with other surface proteins that can control cell adhesion and migration. Future studies will reveal the developmental roles of Eph and ephrin proteins in adult physiology and plasticity, which will hopefully give rise to a wide array of therapeutic opportunities.
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![Phosphorylation-dependent EphB/ephrinB signaling. EphB binds to ephrinB, which has a short cytoplasmic region for reverse signaling. Forward signaling by the EphB receptor requires ligand binding and controls actin remodeling, cell migration, cell-cell adhesion, and other developmental events through the recruitment of various interacting molecules to EphB receptor. In addition, ephrinB reverse signaling is accomplished by receptor-ligand binding and phosphorylation of tyrosine residues on ephrinB1 cytoplasmic domain. Phosphorylated ephrinB recruits various interacting proteins to modulate many biological processes including cell adhesion, migration, and gene expressions.](molcell-38-1-14f1){#f1-molcell-38-1-14}

![Phosphorylation-independent ephrinB1 signaling. EphrinB1 promotes cell migration through the activation of Wnt/PCP pathway by interacting with CNK1 and Dsh. In addition, ephrinB1 interacts Par-6, and sequentially releases Cdc42-GTP from intact Par polarity complex, which has a major role in stabilizing TJs. Finally, accumulation of unphosphorylated ephrinB1 in TJs causes disruption of TJs and cell adhesion.](molcell-38-1-14f2){#f2-molcell-38-1-14}
